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Abstract 

Dense plasma focus (DPF) Z-pinch devices are sources of copious high energy electrons and ions, x-rays, 

and neutrons. The mechanisms through which these physically simple devices generate such high-

energy beams in a relatively short distance are not fully understood and past optimization efforts of 

these devices have been largely empirical. Previously we reported on the first fully kinetic simulations of 

a DPF and compared them with hybrid and fluid simulations of the same device. Here we present 

detailed comparisons between fully kinetic simulations and experimental data on a 1.2 kJ DPF with two 

electrode geometries, including neutron yield and ion beam energy distributions. A more intensive third 

calculation is presented which examines the effects of a fully detailed pulsed power driver model. We 

also compare simulated electromagnetic fluctuations with the first direct measurement of 

radiofrequency EM fluctuations in a DPF plasma. These comparisons indicate that the fully kinetic model 

captures the essential physics of these plasmas with high fidelity, and provide further evidence that 

anomalous resistivity in the plasma arises due to a kinetic instability near the lower hybrid frequency. 

 

Introduction 

We describe here three fully kinetic dense plasma focus (DPF) [1-4] simulations and compare their 

predictions in detail with a variety of measurements, some of which are the first of their kind. These 

simulations remain stable and energy-conserving through the entire Z-pinch phase, in which the plasma 

changes rapidly and exhibits high gradients. Modeling the entire Z-pinch phase – and thus counting all 

neutrons produced – is important for comparing yield predictions across different simulations. The 

production of a stable simulation for a specific configuration typically requires >100k cpu-hours. Here 

we compare simulated and experimentally measured neutron yields for two DPF gun geometries, 

demonstrating the model’s ability to distinguish performance between similar gun designs. We 

additionally show a third calculation in which the boundary condition between electrodes is modeled 

using a pulsed power circuit, in order to include driver effects in the calculation. The simulations shown 

here reproduce experimentally measured ion beam energy distributions and radiofrequency fields in the 

plasma. This is the first comprehensive comparison of a fully kinetic model with these measured 

quantities in a DPF, demonstrating that the model can be used as a predictive design tool. 



A DPF Z-pinch is a device consisting of two coaxially located electrodes with a high-voltage source at one 

end (Figure 1). In the presence of a low-pressure gas, the high-voltage source induces a surface 

flashover and the formation of a current-conducting plasma sheath across an insulator at the upstream 

end of the DPF. During the “run-down” phase, the current sheath is accelerated down the length of the 

electrodes by magnetic pressure, ionizing and sweeping up neutral gas as it accelerates. When the 

plasma sheath reaches the end of the inner electrode, a portion is pushed radially inward during the 

“run-in” phase. When the leading-edge of the current sheath  reaches the axis, it “pinches” the plasma 

to create a hot, dense region that emits high-energy electron and ion beams, x-rays, and (in the 

presence of D or D-T) neutrons [4]. 

In addition to fluid modeling of DPFs, previous modeling work has included a non-self-consistent test 

particle approach to look at kinetic effects [5-9], kinetic simulations of a Z-pinch with scaled ion-electron 

mass ratio [10], and kinetic simulations of a conventional gas-puff Z-pinch [11]. We previously reported 

on the first fully kinetic model of a DPF Z-pinch device, including electrode boundaries, and 

demonstrated that a fully kinetic (both ions and electrons kinetic) approach is needed in order to see 

kinetic effects during the pinch phase, such as kinetic instabilities and beam formation [12]. Past 

measurements of DPF RF emission have been performed using microwave antennas in conjunction with 

band-pass waveguides that allowed various frequency bands to be transmitted [13]. 

 

Simulation and Experimental Set Up 

The simulation set-up is detailed in [12] and is briefly summarized here: calculations were performed in 

the particle-in-cell (PIC) code large scale plasmas (LSP) [14]. The time step was varied from 2.5 × 10-4 ns 

to 8 × 10-6 ns, and was reduced as the magnetic field in the simulation increased, ensuring the resolution 

of the electron cyclotron frequency. The calculation is initialized at the end of the run-down phase, with 

a 1-mm-width plasma sheath of uniform density. The neutral gas density in front of the sheath 

corresponds to 1 torr at STP, and the region behind the sheath is initially vacuum. The sheath density 

corresponds to a 10% sweep-up of neutral gas during the run-down. 

Simulations are two dimensional in cylindrical coordinates (r,z). The two simulated electrode geometries 

shown in Figure 2 correspond to experimental geometries used on the existing 1.2 kJ DPF at LLNL [15]. 

The cathodes (outer electrodes) are represented by conducting boundaries at r = 1.5 cm and r = 3.0 cm 

for the two geometries. In the experiment, the cathode is not cylindrically symmetric, as it is a set of 8 

rods arranged in a circular pattern. A 5-cm-long anode is represented by a conductive cylinder with 

outer radii of 1 cm and 1.5 cm for the two geometries. In the smaller geometry, the anode is hollowed 

out, while the larger geometry has only a small depression in the anode (Figure 2). 

The voltage drive is modeled here in two ways. The first, and less computationally expensive, is with a 

prescribed incoming voltage wave traveling the length of the anode, with a reflected wave traveling 

back. The voltage is ramped up during the first 10 ns of the simulation (before the run-in), and then kept 

constant for the remainder of the simulation, resulting in a steady-state current of 180 kA and 200 kA, 

for the small and large guns respectively (Figure 3), before the pinch. 



An additional simulation was run for the larger gun geometry which included the details of the driver 

characteristics, including capacitance, resistance, inductance, and line impedance. Using this driver 

model requires that the simulation run for ~450 ns of the circuit rise in addition to the ~160 ns of run-in 

and pinch (Figure 3). To keep the simulation manageably sized, the particles were initially placed at the 

end of the run-down and prevented from moving while the transmission line current rose nearly to its 

peak value. This method requires more computing time than the voltage wave method, but allows for 

self-consistent modeling of the plasma and drive after the particles are permitted to move.  

While past DPF circuit models could predict the effect of driver characteristics on general plasma 

properties such as sheath speed, this model is the first to be able to self-consistently predict neutron 

yields including driver effects. Hereafter it can be used as a tool to predict and understand the 

performance for different drivers, such as the high impedance drivers that have empirically been shown 

to increase DPF neutron yield [16-18]. 

The ion energy distributions inside our DPF were measured with a time-of-flight (TOF) Faraday Cup 

diagnostic (Kimball Physics model FC-73A) located 65 cm from the pinch [15]. Neutron yields were 

measured with a Helium-3 neutron detector, calibrated with a Californium-252 source and 

accompanying MCNP calculations [15]. The electric field oscillations were measured using a small RF 

pick-up probe placed between cathode rods at the end of the anode, slightly inside the plasma. The RF 

probe was connected to a 12 Gs/s oscilloscope for measurement of oscillations up to 5 GHz.  

 

Simulation and Experimental Results 

The kinetic simulations shown here remain stable and energy-conserving through the entire pinch 

process so that a well-defined neutron yield could be obtained from specific electrode geometries 

(Figure 4). Repeated calculations with identical plasma conditions but different gridding or time-

stepping exhibit a neutron yield variation of ~10%. The kinetic calculations were able to differentiate 

neutron yield between the two similar DPF electrode geometries that we have tested experimentally. 

The two voltage wave driver simulations predicted a yield of 2.8×107 with the smaller gun geometry 

(measured yields are up to 4×107) and 1.6×107 with the larger gun geometry (measured yields are up to 

2×107), despite the current being higher in the larger gun simulation. It is encouraging that the predicted 

yields for two similar guns are correctly ranked, though a simulated pressure scan must be done to 

confirm this prediction. 

Including the driver characteristics at the anode-cathode boundary has the effect of decreasing the time 

over which neutrons are produced (Figure 4) and the overall yield. This result is expected since the real 

pulsed power system will not continue to provide a stiff voltage indefinitely. For the larger gun geometry 

with pulsed power circuit, a total yield of 6.9×106 was obtained, approximately half of the predicted 

yield when using the voltage wave driver. The neutron pulse was ~60 ns long with the voltage wave 

driver for both gun geometries and ~20 ns long with the pulsed power circuit. In both geometries, the 

simulations predict that the majority of neutrons are born in a region within 1 mm of the axis, and with 

an axial extent of ~1 cm and ~2.5 cm for the smaller and larger gun geometries, respectively (Figures 5a 



and 5b). The predicted neutron birth region is shorter when the pulsed power circuit is included (Figure 

5c).  

Simulated and measured energy distributions of ion beams emitted from the DPF with smaller gun are 

shown in Figure 6. Measured energy distributions have been obtained from TOF Faraday cup 

measurements, which show significant signal above the noise for D+ energies of 300 keV and below. The 

Faraday cup is on axis in front of the anode and its aperture subtends a 0.2 degree half-angle relative to 

the pinch. The simulated ion energy distribution was taken from a conic section with 22 degree half-

angle for sufficient particle statistics. Substantial agreement between the simulated and measured 

distributions is found under 300 keV. The simulations additionally show a small population of ions with 

energies up to 1 MeV. Ion beams have been observed on a variety of DPFs with energies up to 8 MeV 

[19, 20], but MeV+ ions measured on other experiments are 1-3 orders of magnitude weaker in signal 

from 300 keV ions, and thus are not detectable with our experimental set up. 

The frequency content of measured and simulated electromagnetic fields during the pinch for the larger 

gun geometry is shown in Figure 7. An EM pick-up probe positioned between cathode rods and 

connected to a high-bandwidth oscilloscope was used to measure EM oscillations in the plasma, up to 5 

GHz. Figure 7a shows examples from both high and low quality pinches, as determined by the depth of 

the current dip and the neutron yield. Poor pinches did not exhibit fluctuations above 3 GHz, while high 

quality pinches exhibited strong fluctuations in the 3-4 GHz range.  

A synthetic Ez probe was placed in the simulated plasma, 0.75 cm from the axis. The synthetic probe 

from the pulsed power/circuit simulation exhibited its strongest fluctuations in the 3-4 GHz range 

(Figure 7b). Additionally, the simulated probe predicted higher frequency fluctuations that appear to be 

higher harmonics of the lower frequencies present. The two simulations with voltage wave driver also 

showed fluctuations in the same general frequency range, but with frequency peaks less aligned with 

the experimental data. This result may be expected, given that the rise of kinetic instabilities in the 

plasma could be heavily influenced by feedback from the driver. The simulations show fields of 10-40 T 

present for the entire pinch phase, corresponding to a lower hybrid frequency of ~4.6-18 GHz. The 

observed oscillations are close to this frequency range and far from other characteristic plasma and 

cyclotron frequencies, suggesting that the long-suspected lower hybrid drift instability may be present. 

A time-dependent inductance for the gun and plasma was calculated in the pulsed power/circuit 

simulation using the simulated magnetic energy and plasma current. The total inductance of the gun 

and plasma rises up to 10 nH during the ion beam formation and as high as 22 nH post-pinch. The 

contribution from the gun alone is 7 nH. A time-dependent resistance of the plasma was then calculated 

by dividing the component of the voltage which is not due to d(LI)/dt by the plasma current. The plasma 

resistance is between 0.2 and 2 Ω during the fast ion beam formation, and rises up to 3.5 Ω post-pinch. 

The peak inductance and resistance values are higher than the 10-19 nH (7 nH gun + 3-12 nH plasma) 

and 1-1.5 Ω that we have estimated in our experiment from current traces15. They originate from an 

unphysically large dip in the current post-pinch. The current dip may be artificially high because the 

initialization of a vacuum region behind the sheath prevents a restrike from occurring in the 



anode/cathode gap in these simulations. Future work will address the fidelity of the simulations after 

the pinch, so that post-pinch features such as restrikes and multiple pinches can be resolved. 

Approximating the pinch plasma as a 1.1 cm long by 0.75 mm radius cylinder, a plasma resistance of 3.5 

Ω implies a resistivity of 56 mΩ-cm. If we instead assume that the resistivity is closer to 1 Ω, as inferred 

from our current traces, then the implied plasma resisitivity is 16 mΩ-cm. Classical resistivity from 

collisions and local plasma conditions in the pinch area is ~20 μΩ-cm, about 3 orders of magnitude lower 

than the anomalous resistivity observed in the simulations and experiment. The ion beam does not 

begin to form in the simulation until the resistivity is > 100× greater than classical values. 

Summary 

We have obtained simulated neutron yields and directly compared them with measured yields for two 

electrode geometries. The models with voltage wave driver predict neutron yields for the two 

geometries of 70-80% of their maximum measured yields and correctly rank the yields of the two similar 

guns. Inclusion of the driver characteristics at the boundary condition lowers the predicted neutron 

pulse length and total yield. Substantial agreement in ion beam energy distributions is found. We have 

made the first direct measurements of electromagnetic oscillations in a DPF plasma using an EM pick-up 

probe and shown that they exhibit similar frequency content to oscillations in simulated Ez fields. This 

correlation provides further evidence that a kinetic instability is responsible for pinch behavior and that 

fully kinetic simulations can reproduce this effect. This new simulation capability is well benchmarked at 

the kJ DPF level and now can be used to guide design of new DPF systems, including drivers. 
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Figure 1: (Color online) Schematic of a dense plasma focus Z-pinch, including flashover, run-down, run-

in, and pinch. The plasma sheath is shown in red (dark grey). 



 

 

Figure 2: (Color online) Initial conditions for simulations of the two experimentally tested DPF guns. 

Plasma sheath of both ions and electrons is centered at z = 4.5. The region behind the sheath is vacuum. 

In front of the sheath is neutral deuterium gas. 

 

 

Figure 3: (Color online) Simulated plasma current as a function of time. The time at which particles are 

allowed to move is marked as t=0. Minor current oscillations in the pulsed power/circuit simulation 

appear when the particles are allowed to move, after the current has ramped up to its maximum value.  

 

 

Figure 4: (Color online) Simulated neutron production rate as a function of time. Calculations remain 

stable and energy conserving throughout the entire pinch until after neutron production stops, allowing 

us to compare simulated yields from multiple electrode geometries.  

  



 

Figure 5: (Color online) Log of neutron density at neutron birth location for a) the smaller gun, b) the 

larger gun, and c) the larger gun with pulsed power circuit. The simulations predict that the majority of 

neutrons are born within 1 mm of the axis. 

 

 

 



 

Figure 6: (Color online) Simulated (black circles) and measured (color) ion energy distributions for the 

smaller gun geometry. Shot yields are shown in legend and vary from 1.2e7 to 4.2e7. Measured ion 

energy distributions have been obtained from time of flight Faraday cup measurements. In these shots, 

the Faraday cup signal is comparable to the noise for time of flight data corresponding to energies of 

~300 keV and above. 

 

 

Figure 7: (Color online) Frequency content of measured EM oscillations (a) and simulated Ez probe (b) for 

the larger electrode configuration with full pulsed power circuit. Measured oscillations above 3 GHz are 

only observed in “high quality” pinches – those with large current dip and high neutron yield. 

Oscillations in the simulation are present during the pinch and for ~20 ns before the pinch. Both 

simulated and measured oscillations show activity in the 3-4 GHz range. 
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